Tumour heterogeneity is a well-known trait of most cancers ([@bib27]; [@bib2]). Heterogeneity originates from genomic instability ([@bib29]), one of the hallmarks of cancer ([@bib24]). Genomic instability comprises a variety of alterations ranging from small to large structural and numerical alterations in the genome, and may give rise to diverse populations of cells ([@bib7]). In the presence of multiple clones of tumour cells with different characteristics, a single sample from one small tumour region might not be optimal for predicting the tumour's aggressiveness.

Prostate cancer is an ideal model to study tumour heterogeneity as the whole gland is extracted during radical prostatectomy and all the tumour material is available for analysis. Furthermore, it is a complex disease that can follow multiple paths, from indolent disease causing little or no harm, to aggressive disease that may progress to metastases and death. Generally, patients with indolent tumours are advised for active surveillance, whereas patients with aggressive tumours are often treated with prostatectomy and adjuvant therapy, when necessary ([@bib5]). To date, prostate cancer is one of the most common malignancies and causes of cancer related mortality among men ([@bib9]). Therefore, the correct estimation of prognostic markers is crucial for proper management of the patients.

Our aim was to systematically review the extent of tumour heterogeneity using a large cohort of post-operative prostatectomy specimens (RP) and in needle biopsies from patients with low risk prostate cancer in all available tumour samples. This is the most extensive study of tumour heterogeneity performed on such a large cohort of patients with the use of three independent methods: Histological heterogeneity was evaluated by Gleason scoring (GS), generally considered as the strongest single prognostic marker in prostate cancer ([@bib17]).Heterogeneity in genome size was evaluated using high-resolution DNA image cytometry (DNA ploidy analysis) an established prognostic marker for various cancer types, including prostate cancer ([@bib14]).Heterogeneity in expression of a tumour suppressor gene, phosphatase and tensin homolog (PTEN), was evaluated by immunohistochemistry. PTEN is one of the most commonly lost tumour suppressors, and has been suggested as a reliable prognostic marker for prostate cancer ([@bib12]).

To investigate the practical importance of intratumour heterogeneity, we compared the strength of DNA ploidy as a predictor of recurrence following radical prostatectomy. This was compared in analyses of one sample versus multiple samples. To our knowledge, we are the first to explore the effect of heterogeneity on the evaluation of a prognostic marker.

Patients and Methods
====================

Patients and specimens
----------------------

The main part of this study was based on material from 317 radical retro-pubic prostatectomies performed by one of the authors (HW) at the Norwegian Radium Hospital, Oslo, Norway, between 1987 and 2005 ([Figure 1](#fig1){ref-type="fig"}). The study was approved by the Regional Committees for Medical and Health Research Ethics (REK) in Norway (REK no. S-07443a and 2012/1679). Each of these resected prostates was prepared as a series of 3 mm formalin fixed, paraffin embedded tissue blocks. For the purpose of Gleason grading, a 3 μm hematoxylin and eosin (H&E) stained section was made from the top surface of each tissue block, and visually examined. Slides containing at least one tumour area ⩾4 mm^2^ (measured manually) were Gleason graded (*n*=4469). For each RP specimen, further 50 μm sections for DNA ploidy analyses, were taken from the block(s) with highest Gleason score, and/or the greatest tumour area, or a randomly selected block with a tumour area ⩾4 mm^2^ (*n*=1271). In order to study intrafocal heterogeneity in GS and DNA ploidy, we compared samples from 244 tissue blocks sectioned at two different depths.

A subgroup of 40 RP specimens was selected for detailed analysis of the intratumour heterogeneity ([Figure 1](#fig1){ref-type="fig"}). The RP subgroup consisted of 23 resections with multifocal tumours from before the PSA era, and 17 resections randomly chosen from the RP procedures performed in 2001. In this subgroup, in addition to the Gleason scoring of all tumour areas ⩾4 mm^2^, we also performed DNA ploidy and PTEN analysis on all available blocks. If multiple tumour areas were present in a block, they were analysed separately if they were ⩾3 mm apart.

In addition, we investigated a set of diagnostic needle biopsies from a cohort of 102 prostate cancer patients assigned to active surveillance at Vestfold Hospital Trust between 2008 and 2013 (the AS Cohort, [Figure 1](#fig1){ref-type="fig"}). The analysis included Gleason score and DNA ploidy for all patients with Gleason score ⩽3+4 and at least two positive cores that had sufficient tumour material (408 needle biopsy cores).

Methods
-------

In every RP case, tumour areas ⩾4 mm^2^ were chosen for analyses. Subsequently, relevant RP tumour areas were Gleason graded by one of the authors (LV) according to the updated 2005 International Society of Urological Pathology (ISUP) Consensus guidelines ([@bib16]) (RP Cohort) and 2014 ISUP Consensus guidelines (RP Subgroup) \[5\]. The biopsy cores from the AS group were Gleason graded according to the updated 2005 ISUP ([@bib16]) Consensus guidelines by another author (BC). Gleason grade groups (GGGs) were categorised as: 1(6); 2(3+4=7a); 3(4+3=7b); 4(8); 5(9--10).

Image cytometry was performed according to a modified Hedley's method ([@bib13]) on 50 μm thick, dissected tumour areas. DNA content histograms were classified as diploid, tetraploid or aneuploid as described by [@bib14], with the exception of the threshold for tetraploid samples that was set to 15% of nuclei in the 4c peak in the DNA ploidy histogram.

Tumour volume was estimated using computer-assisted image analysis (CAIA), H&E stained sections with marked tumour areas were scanned (NanoZoomer HT, Hamamatsu Photonics, Hamamatsu, Japan) using a 20x objective. The tumour area was then marked in NDP.view2 (NanoZoomer HT, Hamamatsu Photonics, Hamamatsu, Japan) and the area was calculated. The sum of all tumour areas for the patient was multiplied by the block thickness (3 mm) and the tissue shrinkage factor (1.12) ([@bib31]).

Immunohistochemistry was done using the Dako Envison FLEX+ system (K8002; Dako, Glostrup, Denmark) and Dako Autostainer Link 48. Deparaffinisation and unmasking of epitopes were performed using PTlink (Dako) and EnVisionTM Flex Target Retrieval Solution at 97 °C for 20 min. Endogenous peroxidase was blocked by treating the sections with FLEX peroxidase-blocking reagent for 5 min. Further, the sections were incubated for 120 min with the rabbit monoclonal anti-body (anti-human) PTEN (138G6, Cell Signaling technology, Danvers, MA) at 1:400 dilution, followed by EnVision FLEX+ Rabbit (linker) for 15 min, EnVisionTM Flex/HRP enzyme for 20 min and 3′3-diaminobenzidine tetrahydrochloride for 10 min. Finally, the sections were dehydrated and counterstained with hematoxylin for 10 seconds.

The percentage of tumour cells with PTEN staining was scored independently by two of the authors (KC and WK). Discordant cases were reviewed by a pathologist (MP). Tumour cells not showing cytoplasmic staining were scored as negative for PTEN expression. Stromal fibroblasts were used as an internal positive control. Slides without positively stained fibroblasts were considered to have a technical failure and were excluded from the analysis. Tumour areas showing loss of PTEN staining in \<10% of the cells were classified as positive, loss of PTEN staining in \>90% of the cells as negative, and loss of PTEN staining in 10--90% of the cells as a mixed PTEN expression.

Follow-up and patient survival
------------------------------

After exclusion of 13 RP specimens because of missing clinical data or indeterminate DNA ploidy classification ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), 304 radical prostatectomy patients were followed for a median of 10 years (IQR 6--12). Time to recurrence, where the endpoint was defined as locoregional recurrence, distant metastasis or death from prostate cancer ([@bib32]), was calculated from primary treatment to recurrence of disease or 31 December 2008. At the end of the study, 213 (70%) patients were still alive and the mean TTR for the whole group was 106 months (IQR 64--153). None of the patients received any neoadjuvant therapy before surgery. Adjuvant therapies like radiation or androgen deprivation were not used in any patients, and these secondary treatments were only instigated at or after the point of recurrence as previously defined. [Table 1](#tbl1){ref-type="table"} gives clinicopathological data for both the RP and AS cohorts.

Statistical analysis
--------------------

Statistical calculations were performed using SPSS V22.0 statistical software (IBM Corporation, Armonk, NY, USA). The *χ*^2^-test was used to evaluate association between categorical variables. Survival analyses were performed using the Kaplan--Meier method and survival distributions were compared with the log-rank test. Associations between tumour volume and heterogeneous DNA ploidy classification in the RP subgroup were investigated with an independent samples *t*-test using log-transformed data. For each patient from the RP subgroup with at least one non-diploid sample, the expected number of samples required to detect a non-diploid sample was calculated using the definition of the expected value and under the assumption that samples were selected randomly. Two-sided *P*-values \<0.05 were considered statistically significant. The interobserver agreement for the PTEN score was compared using kappa statistics.

Results
=======

Intraprostatic heterogeneity in prostatectomy specimens
-------------------------------------------------------

Gleason grading was performed for 4469 tumour areas from 304 prostate specimens in the full RP cohort, including 707 tumour areas from the 40 specimens in the RP subgroup ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). All of the 40 prostate resections (100%) of the RP subgroup revealed more than one GGG. Whereas in the full RP cohort, 270 (89%) of the 304 RPs were heterogeneous in GGG classification ([Table 2](#tbl2){ref-type="table"} and [Figure 2A](#fig2){ref-type="fig"}).

Within the full RP cohort, we classified 1271 DNA ploidy histograms (median 4/prostate, IQR 3--5), and discordance was observed in 121/304 (40%) cases ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). For the 40 prostate glands in the RP subgroup, a total of 690 valid DNA ploidy histograms were classified (median 15/prostate, IQR 7--28). Discordant DNA ploidy classification was found in 24/40 (60%) cases, ([Table 2](#tbl2){ref-type="table"}, [Figure 2A](#fig2){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). For the RP subgroup, the median expected number of samples required to identify one of the non-diploid samples from a patient with heterogeneous DNA ploidy classifications was five.

For the patients with heterogeneous DNA ploidy classification in the RP subgroup (*n*=24), we have reviewed how often the worst DNA ploidy was present in the tumour areas with the highest GGG classification. Four patients (17%) had the worst DNA ploidy classification in all analysed samples with the highest GGG, whereas ten patients (42%) had the worst DNA ploidy identified in lower GGGs. For the last ten patients (42%), the worst DNA ploidy class was identified in some, but not all of the samples, in the highest GGG ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

PTEN expression was scored in 622 tumour areas from the 40 prostate glands of the RP subgroup (median 13.5/prostate, IQR 6--24), ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Positive expression was found in 328 (53%), negative in 194 (31%), and both positive and negative in 100 (16%) tumour areas. Ten prostates were entirely positive in all sections, whereas the remaining 30 prostates (75%) had heterogeneous expression ([Table 2](#tbl2){ref-type="table"} and [Figure 2A](#fig2){ref-type="fig"}). The interobserver agreement for the PTEN score was substantial (*κ*=0.8). The spatial allocations of GGG, PTEN expressions and DNA ploidy classifications are exemplified in a prostate gland from the RP subgroup, which was reconstructed in 3D ([Figure 2B](#fig2){ref-type="fig"}).

Intrafocal heterogeneity in prostatectomy specimens
---------------------------------------------------

Intrafocal heterogeneity was investigated by comparing DNA ploidy classification and GGGs in paired samples prepared from different depths within the same tissue blocks. GGGs were compared in 244 such pairs of tissue sections, of which 99 (41%) had discordant GGGs ([Table 3](#tbl3){ref-type="table"}). Change of a primary pattern (3 or 4) was observed in 27 of 108 (25%) tissue blocks with Gleason score 7. In 33 randomly selected blocks with Gleason 7, the pathologist estimated the percentage of Gleason pattern 4 in both sections. Different percentages were reported for the two separate sections from 23 blocks, the median difference in percent Gleason 4 within a single tissue block was 10% (IQR 10--20).

Heterogeneity in DNA ploidy classification was found within 42/233 (18%) tissue blocks ([Table 3](#tbl3){ref-type="table"}). Most commonly, when two samples were sectioned at different depths of a tumour block, one sample was classified as diploid and the other as tetraploid (28/42 blocks, 67%).

Intraprostatic heterogeneity in biopsy specimens
------------------------------------------------

For the AS cohort we acquired 335 DNA ploidy classifications in needle biopsy cores from 102 patients (median 3 positive cores/prostate, IQR 2--4). Heterogeneous DNA ploidy classification was observed in 25/102 (25%) prostate cancers ([Table 2](#tbl2){ref-type="table"} and [Figure 2A](#fig2){ref-type="fig"}). 75 of the 77 prostate cancers with homogeneous DNA ploidy classification were uniformly DNA diploid.

Even though all of the patients included in the AS cohort had biopsies with Gleason scores of 6 or 7a, we observed heterogeneity in GGGs in biopsy cores from 24/102 (24%) patients.

Effect of heterogeneity on the prognostic value of DNA ploidy
-------------------------------------------------------------

We found differences in TTR based on the worst DNA ploidy classification detected among all analysed samples for each patient in both RP cohort and subgroup (mean 5.7 samples/patient, median 4, IQR 3--5, *P*=0.003) ([Figure 3A](#fig3){ref-type="fig"}). Patients with tetraploid and aneuploid DNA ploidy status had increased risk of recurrence (HR=1.7, 95% CI: 1.1--2.7, *P*=0.028 and HR=2.2, 95% CI: 1.4--3.6, *P*=0.001) compared to patients with diploid tumours. Differences in survival were also found when DNA ploidy was based on only one sample selected as highest Gleason score (*P*=0.021), ([Figure 3B](#fig3){ref-type="fig"}). However, a significant change in survival was only observed between patients with diploid and aneuploid samples (HR=2.1, 95% CI: 1.2--3.7, *P*=0.007), and not between patients with diploid and tetraploid samples (HR=1.3, CI: 0.8--2.1, *P*=0.4). No significant results were obtained when one block was selected randomly for each patient (HR=1.4, 95% CI: 0.8--2.4 and HR=1.7, CI: 0.9--3.2, *P*=0.16), ([Figure 3C](#fig3){ref-type="fig"}).

Association of tumour heterogeneity with tumour volume
------------------------------------------------------

Median tumour volume in the RP subgroup was estimated as 2.5 cm^3^ (IQR 0.5--5.2). The median total volume of tumours for the 24 patients in this group with a heterogeneous DNA ploidy classification was estimated as 4.4 cm^3^ (IQR 1.9--6.1), significantly greater than the median total volume of the 16 tumours with homogeneous DNA ploidy classifications (0.5 cm^3^, IQR 0.2--1.8, *P*\<0.001). The median volume of non-diploid samples from heterogeneous tumours in the RP subgroup was estimated as 0.6 cm^3^ (IQR 0.1--2.5), which, on average, accounted for only 14% of the median tumour volume in those tumours. Tumours with heterogeneous PTEN expression (*P*=0.007) and Gleason score (*P*\<0.001) also had larger volumes. For patients from the full RP cohort, tumours with higher pT stages were also more heterogeneous in terms of DNA ploidy (*P*\<0.001) and Gleason grading (*P*\<0.001) ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

Discussion
==========

Tumour heterogeneity in cancer is a major obstacle in clinical practice and in the search for prognostic markers. Genomic heterogeneity in prostate cancer has been documented in studies that analysed small parts of the tumour from only a few patients ([@bib19]; [@bib6]; [@bib10]). There is a growing awareness that analysis of multiple samples is necessary to overcome the limiting factor of tumour heterogeneity on the discovery and validation of biomarkers ([@bib22]). Despite this, most of these studies still rely on solely one sample ([@bib35]; [@bib21]; [@bib11]; [@bib18]). In order to more accurately model heterogeneity, we chose to analyse a high number of samples with three independent methods applied to a large cohort of patients with long follow-up.

We decided to use prostate cancer as our model system to study heterogeneity since radical prostatectomies, which involve entire prostate gland removal, allow us to study the whole tumour and the whole organ. In addition, prostate cancer is known to be heterogeneous ([@bib2]), which is partially explained by the fact that 56--87% of all cases of contemporary radical prostatectomies have multifocal disease ([@bib25]). A comparison of the genomic landscape in geographically distinct regions within a prostate gland has revealed that prostate cancer arises from multiple, independent clonal expansions ([@bib25]; [@bib6]; [@bib10]). The individual lesions in a prostate can also grow together and create yet another level of heterogeneity ([@bib3]). We have found high rates of intrafocal heterogeneity in DNA ploidy classification and Gleason scoring by comparing samples taken at different depths from the same tumour area in a tissue block. These discrepancies can also be explained by the fusion of several individual foci rather than heterogeneity within one focus. However, prostate cancer may not be relevant as a model for less heterogeneous cancer types, for example, colorectal cancer, which do not have such multifocal growth patterns.

Gleason scoring is widely accepted as the standard for histological grading of prostate cancer. Pathologists examine and score glandular architecture of every tumour specimen reporting the Gleason score for both dominant and secondary patterns within the whole tumour. Despite that numerous prognostic tissue biomarkers have been reported in the literature during the last few decades, Gleason score remains the strongest predictor of prostate cancer progression.

Heterogeneity in Gleason scoring within multiple foci in a tumour-containing gland is a common finding. We observed extensive heterogeneity in GGGs, such that only 11% of the tumours in the resected prostates were characterised by a single GGG in all tumour-containing blocks. This is in agreement with previous studies reporting homogeneity in 10% ([@bib1]) and 9% of specimens ([@bib4]), although these studies analysed an unknown number of samples from fewer patients using a Gleason scoring system that is no longer in use. In addition, while previous studies mainly focused on heterogeneity between individual foci, we report on intrafocal heterogeneity in GGGs on parallel sections from the same tumour area, which were detected in 41% of the 244 investigated tumour areas. We found a difference in prevalence of primary pattern 3 and 4 for foci with Gleason sum 7, resulting in both Gleason 7a and 7b classifications, which differ substantially from one another in terms of prognosis ([@bib34]).

DNA ploidy analysis is a robust method that detects populations of cells with alterations in DNA content, and is a prognostic marker for various cancer types, including prostate cancer ([@bib14]). This method allows detection of deviations from the normal diploid state, which reflect gross chromosomal alterations and heterogeneity at the gene level ([@bib29]; [@bib28]). Even using such a method, we have shown high rates of heterogeneity in prostate cancer. When we analysed a median of four samples for each patient in the full RP cohort, we observed heterogeneity in DNA ploidy classification in 40% of the patients. Similar rates of heterogeneity of DNA ploidy have been reported previously ([@bib30]; [@bib36]). However, by analysing all tumour areas, we observed more than one DNA ploidy classification in 60% of the 40 patients in the RP subgroup.

Investigators often make use of Gleason grading to select a single block with highest Gleason score for analysis with other methods ([@bib11]; [@bib20]). However, this seemingly reasonable practice may be sub-optimal. Our findings, using selected biomarkers, clearly show that heterogeneity can affect analysis done using commercial biomarkers from just one tumour area, as confirmed in a recent publication of [@bib37]. The authors investigated the impact of genomic heterogeneity on molecular classification of 26 tissue cores, sampled from both index tumour and other lesions, from four multifocal RP specimens. Prognosticator scores were obtained using four different assays, including Prolaris and Decipher. The study demonstrated that the large extent of inter- and intratumour heterogeneity precludes the use of these platforms on a single biopsy or only on index lesion for determining appropriate treatment. The importance of sufficient sampling was also shown by Haffner and Mosbruger ([@bib23]) who tracked the clonal relationship between primary tumour and metastases in a case study. They suggested that the lethal metastatic clone arose from a small, isolated focus with Gleason pattern 3, and not from the prevalent Gleason pattern 4 foci or a lymph node metastasis resected with the prostate. Thus, the dominant clone does not necessarily dictate the clinical outcome, further underscoring the need for sampling methods and molecular analyses that are sufficiently sensitive for the detection of the clinically important subclones. Although, several studies have shown a good correlation between high Gleason score and the presence of aneuploidy as reviewed in [@bib14], we did not always find that the tumour in a block with a non-diploid DNA ploidy classification matched with the highest Gleason score and vice versa. This discrepancy could not be explained by minor errors in Gleason scoring or DNA ploidy analysis, because we found that 64% of GGGs 4 and 5 samples were DNA diploid ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Also, only four patients from the RP subgroup (17%) had the worst DNA ploidy classification in all analysed samples with the highest GGG ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Our results have clearly shown that, regardless of the selection criteria, a single sample does not provide representative information of the tumour as a whole. We compared the differences of analysing one random sample, with one sample with the highest Gleason, and multiple samples (median of four samples) for each patient in the whole RP cohort, on the efficiency of DNA ploidy as a prognostic marker. Significant results were not obtained for the randomly chosen samples. We observed significant differences in TTR for diploid and non-diploid cases when we analysed a single sample with the highest Gleason. However, when the analysis was performed on multiple samples per patient, we found significant differences in TTR between all three ploidy classifications. Importantly, such a separation between tetraploid and aneuploid tumours has never been shown before. This is likely caused by the fact that all previous studies used one sample per patient for the DNA ploidy analysis as reviewed by [@bib8] and [@bib14]. Therefore, the analysis of multiple samples for each patient has evidently improved the resolution of DNA ploidy as a prognostic marker.

A number of the specimens from the RP cohort were dated relatively early in the PSA era, when patients who went through radical prostatectomy more often had multifocal disease and larger tumour volumes. There is likely to be less heterogeneity for the average patient currently considered for radical prostatectomy than in the RP specimens from our RP cohort. However, in newer cohorts the clinical follow-up is too short to assess the ultimate outcome for the patients.

In order to document heterogeneity in a more contemporary cohort, we also included a cohort of patients enrolled in AS. However, for those patients, we examined biopsy cores where the scarce amount of tumour tissue only represents a small fraction of the tumour. Despite these shortcomings, it is encouraging that we were able to prepare satisfactory nuclear suspensions for DNA ploidy estimation for the majority of the samples. We found heterogeneity in DNA ploidy in 25% of the AS cohort of patients, which is relatively high considering that it is comprised of patients with low stage disease. For this study we have selected patients with at least two positive biopsy cores successfully analysed with DNA ploidy. It is possible that patients excluded because we were not able to analyse the required number of samples, had smaller tumours. Therefore, our results may be biased towards larger tumours which, as we have shown, are more heterogeneous.

Almost all previous estimates of DNA ploidy in needle biopsies have been made from Feulgen-processed thin histological sections by manual selection of \<100 nuclei for DNA content measurement ([@bib33]). For several reasons this is now recognised as a sub-optimal method ([@bib14]), and our use of automated image analysis with suspensions of nuclei from the tumour areas of needle cores represents a significant step forward in this field. To the best of our knowledge there is only one other report of similar technology being applied to prostate needle biopsy cores, and this was a preliminary report that showed very promising results ([@bib26]). However, we were not able to make monolayers with sufficient number of nuclei for 18% of the samples because the tumour areas in the biopsy cores were very small in size.

DNA ploidy analysis can reveal sub-populations within a tumour that have a substantial alteration in genome size, but its sensitivity is usually limited to detect a gain or loss of about 2% of the total chromatin, equivalent to one whole average-sized chromosome. Smaller chromatin additions or any losses of individual genes will not be detected by DNA ploidy analysis. This is one of the reasons why we also measured the degree of heterogeneity in the expression of PTEN, a tumour-suppressor gene, which loss has been linked to poor patient prognosis in prostate cancer ([@bib38]; [@bib12]). Heterogeneous expression of PTEN was found in 75% of the RP specimens in the RP subgroup when we analysed all blocks with a tumour area ⩾4 mm^2^. Within individual tumour areas, we found heterogeneity in PTEN expression in 16% of the samples, which is high, compared to previous studies reporting heterogeneity in \<1% of samples ([@bib12]). These results may question the reproducibility of PTEN expression as a biomarker when only a small area of the tumour is investigated, and could also explain why it has been difficult to implement promising biomarkers in the clinic.

Study limitations
-----------------

Based on our classification of tumour foci in tissue blocks as diploid, tetraploid or aneuploid, we found that only 14% of the total median tumour volume in the radical resections was classified as non-diploid. Classifying a tissue block as non-diploid in this way is only based on the presence of aneuploid or tetraploid nuclei in the DNA histogram, which does not indicate that all tumour cells in that tissue block were non-diploid. The actual proportion of non-diploid cell nuclei was therefore substantially less than 14% of the median tumour volume. Also, we did not attempt to use Gleason grading, DNA ploidy or PTEN expression on the many small tumour foci of area ⩽4 mm^2^ for radical prostatectomies. From other studies, we know that these are usually, but not invariably, low grade and diploid ([@bib15]).

Conclusion
==========

In this study, we demonstrated intraprostatic and intrafocal heterogeneity in Gleason score, DNA ploidy and PTEN expression in prostate cancer. Our results clearly show that for all three markers, a single sample does not provide representative information for the tumour as a whole. This high degree of genomic diversity in locally advanced prostate cancer is a major obstacle in clinical practice and research on prognostic markers. DNA ploidy status provided useful prognostic information, separating the diploid, tetraploid and aneuploid patients, only when heterogeneity was taken into account. Although many studies on biomarkers are still relying on only one sample, our findings are in line with a growing number of papers suggesting that analysis of multiple samples is necessary to compensate for heterogeneity.
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![**Overview of included patients' material from radical prostatectomy (RP) and active surveillance (AS) cohort and methods used in analysis of each cohort.**  ](bjc2017171f1){#fig1}

![**Visualisation of tumour heterogeneity in prostate cancer using Gleason grading, PTEN expression and DNA ploidy analysis.** (**A**) Venn diagrams showing the distribution of heterogeneity of the investigated biomarkers in patients from the radical prostatectomy (RP) cohort, RP subgroup and active surveillance (AS) cohort. (**B**) A 3D reconstruction of a prostate gland from the RP subgroup using H&E stained tissue sections. The results from all three biomarkers were applied to the sampled regions.](bjc2017171f2){#fig2}

![**Time to recurrence after radical prostatectomy stratified by:** (**A**) worst DNA ploidy detected among all analysed samples for each patient (**B**) DNA ploidy from one sample with highest Gleason score (**C**) DNA ploidy from one randomly selected sample.](bjc2017171f3){#fig3}

###### Clinical data for patients from the radical prostatectomy (RP) and active surveillance (AS) cohort included in the heterogeneity study

                                                **RP,** ***n*** **(%)**   **AS,** ***n*** **(%)**  
  -------------------------------------------- ------------------------- ------------------------- ---------
  **Age**                                                                                          
  \<60                                                 102 (34)                   14 (35)           24 (24)
  60--70                                               178 (59)                   23 (58)           51 (50)
  \>70                                                  24 (8)                     3 (8)            27 (26)
  **PSA (ng/ml)**[b](#t1-fn4){ref-type="fn"}                                                       
  \<10                                                 129 (42)                   13 (33)           77 (75)
  10--20                                               102 (34)                   14 (35)           17 (17)
  \>20                                                  70 (23)                   13 (33)            4 (4)
  Unknown                                                3 (1)                       0               4 (4)
  **pT/cT**[c](#t1-fn5){ref-type="fn"}                                                             
  T1                                                       0                         0              69 (68)
  T2                                                    72 (24)                   11 (28)           18 (18)
  T3                                                   185 (61)                   21 (53)            1 (1)
  T4                                                    30 (10)                   5 (13)               0
  Unknown                                               17 (6)                     3 (8)            14 (14)
  **Gleason score**                                                                                
  ⩽6                                                    17 (6)                     2 (5)            51 (50)
  7a                                                   118 (39)                   13 (33)           51 (50)
  7b                                                    86 (28)                   11 (28)             NA
  8                                                     52 (17)                   9 (23)              NA
  ⩾9                                                    31 (10)                   5 (13)              NA
  **Surgical margins**                                                                             
  Negative                                             118 (39)                   11 (28)             NA
  Positive                                             186 (61)                   29 (73)             NA
  **Recurrence**                                                                                   
  No                                                   204 (67)                   21 (53)             NA
  Yes                                                  100 (33)                   19 (48)             NA
   \<60 months                                          51 (51)                   12 (63)             NA
   \>60 months                                          49 (49)                   7 (37)              NA
  **Vital status**                                                                                 
  Alive                                                213 (70)                   25 (63)             NA
  Dead                                                  91 (30)                   15 (48)             NA
   Due to PCa                                           34 (37)                   9 (60)              NA
   Not due to PCa                                       57 (63)                   6 (40)              NA

Abbreviations: NA=not applicable; PCa=prostate cancer.

Due to rounding the numbers may not sum to 100%.

Data from the RP subgroup were collected from the RP cohort.

Preoperative PSA values are used for the RP cohort and subgroups, PSA at the time of biopsy is used for the AS cohort.

Pathological T stage (pT) is summarised for the RP cohort and subgroup, clinical T stage (cT) for the AS cohort.

###### Intraprostatic heterogeneity in classifications of DNA ploidy, Gleason grade groups and PTEN expression for patients from radical prostatectomy (RP) and active surveillance (AS) cohort

                                    **RP,** ***n*** **(%)**   **AS,** ***n*** **(%)**  
  -------------------------------- ------------------------- ------------------------- ---------
  **DNA Ploidy**                                                                       
  Homogeneous DNA ploidy (%)               183 (60)                   16 (40)           77 (76)
   Diploid                                 174 (95)                  16 (100)           75 (97)
   Tetraploid                                7 (4)                       0               1 (1)
   Aneuploid                                 2 (1)                       0               1 (1)
  Heterogeneous DNA ploidy (%)             121 (40)                   24 (60)           25 (25)
   Diploid/aneuploid                        21 (17)                   4 (17)            5 (20)
   Diploid/tetraploid                       72 (60)                   14 (58)           18 (72)
   Tetraploid/aneuploid                     10 (8)                       0               2 (8)
   Diploid/tetraploid/aneuploid             18 (15)                   6 (25)               0
  **Gleason grade groups**                                                             
  One grade group                           34 (11)                      0              78 (76)
  Two grade groups                          82 (27)                   15 (38)           24 (24)
  Three grade groups                        79 (26)                   6 (15)              NA
  Four grade groups                         80 (26)                   11 (28)             NA
  Five grade groups                         29 (10)                   8 (20)              NA
  **PTEN expression**                                                                  
  Homogenous expression (%)                   NA                      10 (25)             NA
   PTEN only positive expression              NA                      8 (100)             NA
  Heterogeneous expression (%)                NA                      30 (75)             NA
   Positive/negative                          NA                      3 (10)              NA
   Positive/mixed                             NA                      14 (47)             NA
   Mixed/negative                             NA                       1 (3)              NA
   Positive/negative/mixed                    NA                      12 (40)             NA

Abbreviations: NA=not applicable; PTEN=phosphatase and tensin homolog.

Due to rounding the numbers might not sum to 100%.

###### Intrafocal heterogeneity in DNA ploidy and Gleason grade groups classifications

                                                                       ***n***
  -------------------------------------------------------------------- -----------
  **DNA ploidy classification** (*n*=233[a](#t3-fn2){ref-type="fn"})   
  Homogeneous classification                                           191 (82%)
   Diploid                                                             147
   Tetraploid                                                          30
   Aneuploid                                                           14
  Heterogeneous classification                                         42 (18%)
   Diploid/tetraploid                                                  28
   Diploid/aneuploid                                                   7
   Tetraploid/aneuploid                                                7
  **Gleason grade groups** (*n*=244[a](#t3-fn2){ref-type="fn"})        
  Homogeneous classification                                           145 (59%)
   Grade group 1 (GS 6)                                                23
   Grade group 2 (GS 7a)                                               62
   Grade group 3 (GS 7b)                                               19
   Grade group 4 (GS 8)                                                25
   Grade group 5 (GS⩾9)                                                16
  Heterogeneous classification                                         99 (41%)
   Different by one grade group                                        80
   Different by two grade groups                                       13
   Different by three grade groups                                     6

Abbreviation: GS=Gleason score.

Two samples were made from tissue sections cut at different depths in the same block.

[^1]: These authors contributed equally to this work.

[^2]: Deceased.
